In this work, we firstly propose and confirm a novel coordination matrix/signal amplifier strategy to construct a highly sensitive lead(II) electrochemical sensor. Lead(II) ions can be efficiently accumulated and deposited on the electrode surface by strong coordination bonds between the unoccupied d-orbital of lead(II) ions and conjugated p-electron backbones of polyfurfural film (coordination matrix), and then the anodic stripping current can be significantly enhanced by multi-walled carbon nanotubes (MWCNTs, signal amplifier), finally realizing the highly sensitive determination of lead(II). The polyfurfural film/ MWCNT modified glassy carbon electrode (GCE) sensor provided a wide linear detection range from 0.05 to 10 mg L À1 and a low detection limit of 0.01 
, S/N ¼ 3). Finally, the proposed sensor was successfully applied to simultaneously determine Cd 2+ , Pb 2+ , Cu 2+ , and Hg 2+ in real tap water samples. This work provides a novel and effective analytical strategy for constructing novel electrochemical sensors and shows broad application prospects in heavy metal ion determination for the future.
Introduction
Heavy metal ions, such as cadmium(II), lead(II), copper(II), and mercury(II), have become a severe threat to human health and environmental safety due to their toxicity. 1,2 Heavy metal ions are non-biodegradable and can accumulate in the food chain, causing serious diseases in humans. [3] [4] [5] Therefore, it is urgently necessary to develop a highly sensitive and rapid method for the determination of heavy metal ions.
In order to monitor the heavy metal ions contained in food and water samples, some typical analytical techniques such as atomic absorption spectrometry, 6 inductively coupled plasma mass spectrometry, 7 surface enhanced Raman spectrometry, 8 and inductively coupled plasma atomic emission spectrometry 9 have been applied for the determination of heavy metal ions; however, expensive instrumentation, high costs, and timeconsuming determination processes limit their extensive practical application. 10 Therefore, the development of a simple and rapid method for the determination of heavy metal ions is of vital importance. Differential pulse anodic stripping voltammetry (DPASV), in which metal ions are deposited on an electrode surface and then oxidized, possesses the advantages of high sensitivity, low cost, easy operation, a low detection limit, and the ability to simultaneously determine several metal ions; this has been widely considered as a powerful tool for the determination of heavy metal ions. [11] [12] [13] Nowadays, different chemically modied electrodes have been developed for the quantitative determination of heavy metal ions due to their ability to capture metal ions based on their interaction with a functional group at the modied electrode surface.
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Polyfurfural lm possesses long conjugated p-electron backbones, 18 which can provide multiple p-electrons and can act as an excellent coordination matrix to capture heavy metal efficiently via strong coordination bonds between the unoccupied dorbital of lead(II) ions and the conjugated p-electrons of the lm. Multi-walled carbon nanotubes act as an electrochemical signal amplier [19] [20] [21] due to their excellent electrical conductivity, high surface area, and high chemical stability, and these have been widely used in electroanalytical chemistry. Taking advantage of the properties of polyfurfural lm and MWCNTs, we developed a novel coordination matrix/signal amplier strategy to construct an electrochemical sensor, and this strategy was also proven to be benecial in this work. The polyfurfural lm/ MWCNTs/GCE sensor preparation is simple and all the parameters are fully controlled by electrochemistry; the polyfurfural lm can be electropolymerized to the electrode surface via a onestep electropolymerization method. [22] [23] [24] [25] Moreover, our proposed sensor demonstrated a wide linear detection range and a low detection limit for lead(II), and it exhibited more sensitivity than a classical mercury lm sensor (an effective method for determining heavy metal ions). Finally, based on the coordination matrix/signal amplier strategy, the proposed sensor was successfully applied for the simultaneous determination of Cd ) was prepared by mixing solutions of acetic acid and sodium acetate then adjusting to the required pH with NaOH and HAc. The Pb impurities contained in NaAc (10 g, Pb: 10 À8 %) amount to 0.001 mg, so the concentration of Pb impurities contained in 250 mL of 0.1 M of acetate buffer solution was about 0.0008 ppb, and the sum of Pb impurities contained in HAc and NaOH was about 0.0024 ppb, which was less than the target of 0.05 ppb and could be neglected. Aliquots of 10 mL of test solution were used and a 3 mm diameter glassy carbon electrode was used in our experiment.
Fabrication of polyfurfural lm/MWCNTs/GCE sensor
The preparation of the electrochemical sensor is shown in Scheme 1. Prior to surface modication, a bare GCE (3 mm diameter) was polished with 0.05 mm alumina powders, washed with absolute alcohol and doubly distilled water under ultrasonication, and nally dried in a nitrogen stream. A MWCNT aqueous solution (5 mL of 0.5 mg mL À1 ) was deposited on the electrode surface, which was dried under an infrared lamp, thus obtaining MWCNTs/GCE. The preparation of polyfurfural lm was performed according to our research group's method.
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In this work, the furfural was electropolymerized to the surface of MWCNTs/GCE; the electropolymerization of furfural was performed in acetonitrile containing furfural (0.01 mol dm À3 ) and sodium perchlorate (0.06 mol dm À3 ) by cyclic voltammetry at a scan rate of 100 mV s À1 between À0.8 V and +2.8 V for 10 cycles. Finally, the polyfurfural lm/MWCNTs/GCE sensor was obtained.
Apparatus and method
Electrochemical impedance spectroscopy (EIS) and DPASV experiments were performed on a CHI 660E electrochemical workstation (Chenhua, Shanghai, China For DPASV, the amplitude was 0.05 V, the pulse width was 0.05 s, the pulse period was 0.5 s, the sampling width was 0.0167, and the increment was 0.004 V. The electrochemical experimental parameters were the same in all experiments. The surface morphology was characterized using a eld emission scanning electron microscope (FE-SEM; Zeiss Ultra 55, Germany).
Results and discussion
3.1 Characterization of polyfurfural lm/MWCNTs/GCE sensor Fig. 1 shows the EIS plots of different electrodes; a small resistance was observed at the bare GCE (curve a). When the MWCNTs were bound to the surface of the bare GCE, the resistance of the MWCNTs/GCE (curve b) decreased signi-cantly due to the surface area of the modied electrode being drastically increased and MWCNTs possessing high electrical conductivity. However, when the polyfurfural lm was electropolymerized to the surface of the MWCNTs/GCE, the resistance of the polyfurfural lm/MWCNTs/GCE (curve c) increased signicantly, indicating that the polyfurfural lm had poor electrical conductivity. The SEM image of the bare GCE shows a smooth surface ( Fig. 2A) . Multi-walled carbon nanotubes are easily observed on the surface of the electrode in Fig. 2B . When the furfural was electropolymerized to the surface of the MWCNTs/GCE, a clear view of the polymer layer with a rough surface was observed in Fig. 2C . It can be clearly observed that polyfurfural lm covered the surface of MWCNTs, and the MWCNTs were buried under the polyfurfural lm, which proved that Scheme 1 was successful. Therefore, both the EIS plots and SEM images provided conrmation that MWCNTs and polyfurfural lm had been successfully bound to the electrode surface.
The coordination matrix/signal amplier strategy for electrochemical determination of Pb

2+
The electrochemical responses to Pb 2+ at a bare GCE, a MWCNTs/GCE, a polyfurfural lm/GCE, and a polyfurfural lm/MWCNTs/GCE were measured by DPASV. As shown in Fig. 3A , both the MWCNTs/GCE and polyfurfural lm/GCE showed an enhanced anodic stripping current with Pb 2+ compared to the bare GCE. Moreover, when we combined the polyfurfural lm and MWCNTs to construct an electrochemical sensor, the anodic stripping current of Pb 2+ at the polyfurfural lm/MWCNTs/GCE was signicantly further enhanced, and the signal was enhanced by about 2.5 times. Therefore, combining the advantages of polyfurfural lm and MWCNTs can realize highly sensitive determination of Pb 2+ with the best result.
Moreover, as shown in Fig. 3A , compared with a classical mercury lm sensor, our proposed sensor exhibited more sensitivity with respect to the determination of Pb 2+ .
In order to explain the superiority of the polyfurfural lm/ MWCNTs/GCE sensor for determination of Pb 2+ , and explain why the combination of polyfurfural lm and MWCNTs can signicantly enhance the anodic stripping current of Pb 2+ compared with the polyfurfural lm/GCE or MWCNTs/GCE alone, we proposed a novel coordination matrix/signal amplier strategy to explain this interesting phenomenon. As shown in Fig. 3B Aer the deposition step, Pb atoms were oxidized to Pb 2+ ions, and the anodic stripping current of the Pb atoms rstly passed through the polyfurfural lm and then through the MWCNTs; at that time, the anodic stripping current was amplied signicantly, resulting an amplifying current returning to the electrode, which thus improved the sensitivity and signicantly lowered the detection limit for Pb 2+ .
Subsequently, in order to conrm whether the coordination substance was Pb(II) or Pb(0), a control experiment was performed. Firstly, the polyfurfural lm/MWCNTs/GCE was immersed in 10 mg L . Finally, anodic stripping voltammetry was performed. As shown in Fig. 3C , a stripping peak for Pb(II) was observed with a peak current value of 11.19 mA (curve a), which means that Pb(II) ions are complexed and are not Pb(0). Moreover, when the anodic stripping voltammetry was performed in 10 mg L À1 Pb 2+ in 0.1 M acetate buffer solution, the anodic stripping peak current was 18.47 mA (curve b). These results also demonstrate the strong coordination ability of polyfurfural lm for Pb(II) ions.
The quantitative determination of Pb
2+
As shown in Fig. 4A and B, the anodic stripping peak current of Pb 2+ at the polyfurfural lm/GCE increased linearly within the concentration range 0.5-10 mg L À1 , and the linear regression
The detection limit for Pb 2+ was determined to be 0.1 mg L À1 (S/ N ¼ 3). In Fig. 4C and D, the anodic stripping peak current of Pb 2+ at MWCNTs/GCE increased linearly within the concentration range 0.5-10 mg L À1 , and the linear regression equation was
Benetting from the superiority of the coordination matrix/signal amplier strategy, which can realize the highly sensitive determination of lead(II), the polyfurfural lm/MWCNTs/GCE sensor was applied to the quantitative determination of Pb 2+ by DPASV. As shown in Fig. 4E and F, the anodic stripping peak current of Pb 2+ at polyfurfural lm/MWCNTs/GCE increased linearly within the concentration range 0.05-10 mg L À1 , and the linear regression
The detection limit for Pb 2+ was determined to be 0.01 mg L À1 (S/ N ¼ 3). Moreover, as shown in Table 1 , our proposed sensor showed a lower detection limit compared with other reported electrochemical sensors [29] [30] [31] [32] [33] for the determination of Pb
, and our proposed sensor preparation is simple and all parameters are fully controlled by electrochemistry, where polyfurfural lm can electropolymerize to the electrode surface via a one-step electropolymerization method. These results indicated that the coordination matrix/signal amplier strategy is an effective analytical strategy for highly sensitive determination of Pb 2+ . based on the coordination matrix/signal amplier strategy, the polyfurfural lm/MWCNTs/GCE sensor can realize the simultaneous determination of Cd 2+ , Pb 2+ , Cu 2+ , and Hg 2+ with better results.
Simultaneous electrochemical determination of
Optimization of number of electropolymerization cycles of furfural and pH
The effects of the number of electropolymerization cycles of furfural and pH on the electrochemical response to heavy metal ions in acetate buffer solution have been investigated by DPASV. As shown in Fig. 6A , in 0.1 M acetate buffer solution (pH 4.0), all the anodic stripping peak currents increased with the number of electropolymerization cycles of furfural from 3 to 10 cycles, but above 10 cycles, all the stripping peak currents decreased as the number of electropolymerization cycles of furfural increased. Therefore, 10 cycles have been chosen as the optimized condition in subsequent experiments. In Fig. 6B , all the anodic stripping peak currents of heavy metal ions increased with pH and reached a maximum value at pH 4.0. However, above pH 4.0, all the anodic stripping peak currents gradually decreased. Therefore, a pH of 4.0 was chosen in later experiments.
Optimization of deposition potential and deposition time
The effects of deposition potential and deposition time on the anodic stripping peak currents of heavy metal ions in acetate buffer solution (pH 4.0) have also been investigated by DPASV. As shown in Fig. 7A , at a deposition time of 300 s, all the anodic stripping peak currents reached a maximum value at a deposition potential of À1.2 V. Above À1.2 V, all the anodic stripping peak currents decreased as the deposition potential increased. Therefore, a deposition potential of À1.2 V was chosen as the best condition for the simultaneous determination of metal ions in subsequent experiments.
As shown in Fig. 7B , at a deposition potential of À1.2 V, all the anodic stripping peak currents gradually increased with the deposition time and reached a maximum value at a deposition time of 300 s. Above 300 s, all the anodic stripping peak currents gradually decreased. Therefore, a deposition time of 300 s was , and the linear regression equations were
.50792 (R ¼ 0.9992), respectively. The detection limit for Pb , and the linear regression equations can be expressed as
respectively. The detection limit for Hg 2+ was 0.1 mg L À1 (S/N ¼ 3). Moreover, the detection limit of our proposed sensor was comparable and even better than those of other previously reported electrochemical sensors [29] [30] [31] [32] [33] for simultaneous determination of heavy metal ions, as shown in Table 2 , indicating that the polyfurfural lm/MWCNTs/GCE sensor is an appropriate platform for the simultaneous determination of these heavy metal ions.
3.8 Selectivity, reproducibility, and stability of the polyfurfural lm/MWCNTs/GCE sensor As shown in Table 3 , the selectivity of the proposed sensor was estimated by adding 10- determined with an inductively coupled plasma emission spectrometer (ICP). As shown in Table 4 , the average recoveries 
Conclusions
In summary, we proposed and conrmed a novel coordination matrix/signal amplier strategy to construct a highly sensitive lead(II) electrochemical sensor. The polyfurfural lm/MWCNTs/ GCE sensor had a wider linear range (0.05-10 mg L À1 ) and a lower detection limit (0.01 mg L À1 , S/N ¼ 3) for lead(II).
Compared with a classical mercury lm sensor, our proposed sensor exhibited greater sensitivity and achieved better results.
Benetting from the coordination matrix/signal amplier strategy, the proposed sensor was successfully applied to the simultaneous quantitative determination of cadmium(II), lead(II), copper(II), and mercury(II) ions in real tap water samples. Moreover, the proposed sensor exhibited better selectivity, stability, and reproducibility and also had wide linear ranges for Cd 2+ (0. 
